Undisturbed plasmid dynamics is required for the stable maintenance of plasmid DNA in bacterial cells. In this work, we analysed subcellular localization, DNA synthesis and nucleoprotein complex formation of plasmid RK2 during the cell cycle of Caulobacter crescentus. Our microscopic observations showed asymmetrical distribution of plasmid RK2 foci between the two compartments of Caulobacter predivisional cells, resulting in asymmetrical allocation of plasmids to progeny cells. Moreover, using a quantitative PCR (qPCR) method, we estimated that multiple plasmid particles form a single fluorescent focus and that the number of plasmids per focus is approximately equal in both swarmer and predivisional Caulobacter cells. Analysis of the dynamics of TrfA-oriV complex formation during the Caulobacter cell cycle revealed that TrfA binds oriV primarily during the G1 phase, however, plasmid DNA synthesis occurs during the S and G2 phases of the Caulobacter cell cycle. Both in vitro and in vivo analysis of RK2 replication initiation in C. crescentus cells demonstrated that it is independent of the Caulobacter DnaA protein in the presence of the longer version of TrfA protein, TrfA-44. However, in vivo stability tests of plasmid RK2 derivatives suggested that a DnaA-dependent mode of plasmid replication initiation is also possible.
INTRODUCTION
Plasmid dynamics encompasses plasmid DNA replication, the partitioning of replicated copies to the bacterial newborn daughter cells and the subsequent proper subcellular localization of plasmid particles. All of these processes are required for the stable maintenance of a plasmid in a bacterial cell and thus the maintenance of important plasmid-encoded properties within a bacterial population. Most analyses of plasmid dynamics have been performed in c-Proteobacteria, especially in Escherichia coli, while the data obtained in other classes of Proteobacteria, such as Caulobacter crescentus, have been limited. Plasmid RK2 is a 60 kb broad-host-range extrachromosomal element, belonging to the IncP1a incompatibility group that can be stably maintained in many Gramnegative bacteria (Kolatka et al., 2010) . Its flexibility reflects the plasmid's adaptation to the genetic background of the host bacterium and utilization of host replication proteins.
Plasmid RK2 encodes a replication initiation protein, TrfA, which is synthesized in two forms, a shorter 33 kDa (TrfA-33) and longer 44 kDa (TrfA-44) form Smith et al., 1984) . TrfA recognizes and binds specific DNA sequences, called iterons, at the origin for vegetative replication (oriV). The formation of an initiation complex by TrfA is assisted by host initiators that vary in different bacterial species (Caspi et al., 2001; Konieczny, 2003) . In E. coli RK2 replication initiation can be induced by both TrfA-33 and TrfA-44 proteins accompanied by host DnaA, DnaB and DnaC proteins (Durland & Helinski, 1987; Pinkney et al., 1988) . A different, DnaA-independent, mechanism for RK2 plasmid replication initiation is found in Pseudomonas aeruginosa and Pseudomonas putida (Caspi et al., 2001; Jiang et al., 2003) .
The number of RK2 particles in E. coli has been estimated to vary from four to eight copies per cell (Figurski & Helinski, 1979) . Since microscopic observations revealed one or two fluorescent foci representing plasmid particles, it has been proposed that RK2 plasmid particles form clusters within the bacterial cell (Pogliano et al., 2001) . The fluorescent RK2 foci have been found to be localized at defined positions, in the mid-cell or quarter positions of E. coli cells (Pogliano et al., 2001) . This characteristic localization pattern has also been observed in P. aeruginosa and Vibrio cholerae cells (Ho et al., 2002) . Localization at defined positions in E. coli cells has also been observed for plasmids P1 and F (Ho et al., 2002) .
The distribution of plasmid particles in other classes of Proteobacteria is not known; nor has it been examined in bacteria with an asymmetrical division pattern. One bacterium that divides in an asymmetrical manner and is a host for RK2 is C. crescentus (Schmidhauser & Helinski, 1985) . The division of this a-Proteobacterium results in two morphologically distinct cells, a replication-competent, sessile stalked cell and a motile swarmer cell, which is unable to initiate chromosome replication and cell division (Dingwall & Shapiro, 1989; Jacobs et al., 2001; Marczynski et al., 1990) . The stalked cell functions essentially as a stem cell with an unlimited capacity to divide and generate swarmer cell progeny (Marczynski & Shapiro, 2002) . Swarmer cells differentiate into stalked cells after shedding the flagellum, with stalk synthesis progressing through the cell cycle being completed by cell division.
Stalked cells reinitiate chromosome replication immediately after cell division. The replisome assembles at the chromosomal origin located at the stalked pole (Jensen & Shapiro, 1999) and upon completion of DNA replication gradually moves to the mid-cell (Jensen et al., 2001) . Progress from the G1 to S phase is connected to hydrolysis of the Caulobacter global regulator CtrA. CtrA binds to five CtrA-boxes located within the chromosome replication origin (Cori) and hinders DnaA from binding to DnaAboxes located in Cori (Quon et al., 1998) . Both CtrA degradation and DnaA synthesis vary during the Caulobacter cell cycle with DnaA being most abundant in stalked cells (Cheng & Keiler, 2009; Collier et al., 2006; Lesley & Shapiro, 2008) . Replisome assembly also occurs at a particular point in the cell cycle, coincident with the initiation of chromosome DNA replication (Jensen et al., 2001) .
Although Caulobacter chromosome dynamics has been intensively analysed, our knowledge of plasmid replication and maintenance in this bacterium is very limited. It has been found that C. crescentus can be a host for RK2, albeit at reduced stability (Sia et al., 1995) . An estimate of one to two copies of RK2 per C. crescentus cells has been made using quantitative dot-blot hybridization of DNA (Marczynski et al., 1990) . To date, it is not known where the plasmid is localized, what its dynamics are and which mechanism is utilized for RK2 DNA replication initiation in C. crescentus cells. This work addresses those questions.
METHODS
Plasmids and bacterial strains. The plasmids and bacterial strains used in this work are listed in Table 1 .
Media and growth conditions. E. coli and P. aeruginosa were grown at 30 uC in LB medium. C. crescentus cultures were grown in MG2 or PYE medium at 30 uC (Ely, 1991) . To maintain selection for plasmids in E. coli antibiotics were added to the following final concentrations: ampicillin 100 mg ml
21
, chloramphenicol 100 mg ml 21 , tetracycline 12 mg ml 21 . Amplicillin (10 mg ml 21 ), chloramphenicol (1 mg ml 21 ) and tetracycline (2.5 mg ml
) were used to select for plasmids in C. crescentus, while in P. aeruginosa plasmids were selected with 100 mg tetracycline ml 21 or 300 mg carbenicillin ml 21 .
Cell synchronization. Cultures of the synchronizable C. crescentus strain NA1000 were grown at 30 uC in M2G or PYE medium containing the appropriate antibiotic concentrations. Cultures were synchronized as previously described using Percoll (Sigma) gradient centrifugation (Tsai & Alley, 2001 ).
Radioactive DNA pulse-labelling. Synchronized cells were grown in M2G medium at 30 uC to allow cell cycle progression. Chromosomal and plasmid DNA was pulse-labelled by incubation of 5 ml cell culture with 40 mCi (1.48 MBq) of [ 3 H]deoxyguanosine for 10 min and 20 min for chromosomal and plasmid DNA labelling, respectively. Chromosomal DNA was isolated with a commercially available kit (Genomic Mini; A&A Biotechnology). For plasmid DNA purification, cells were lysed using the alkaline lysis method with omission of the phenol-chloroform extraction and ethanol precipitation steps and then the whole-cell lysates were applied to CsCl buoyant density gradients in the presence of ethidium bromide, followed by fractionation of the samples. The amount of radioactivity was counted in a scintillation counter.
Fluorescence microscopy. To obtain images of plasmid subcellular localization, the FISH and modified fluorescent repressor-operator system (FROS) methods, described previously, were used (Kolatka et al., 2008; Pogliano et al., 2001) . C. crescentus was grown overnight at 30 uC, diluted 1 : 10 in fresh medium and grown to OD 600 0.3. For analysis by means of FISH, the cells of C. crescentus were fixed as described by Jensen & Shapiro (1999) . RK2-specific Cy3-labelled probes were prepared as described previously (Pogliano et al., 2001) . Chromosomal DNA was stained with DAPI at a concentration of 0.5 mg ml
. For the FROS method the expression of GFP-LacI from pZZ15 was induced for 60 min with 0.4 % L-arabinose, after which the C. crescentus cells were synchronized. Swarmer cells were suspended in fresh medium and grown at 30 uC for 120 min. Samples were collected every 20 min and prepared for microscopic observation. Cells were stained with FM4-64 (0.5 mg ml 21 ), immobilized on a poly-L-lysine-treated microscope coverslip and observed using an OLYMPUS BX51 fluorescence microscope. Microscopy images were obtained using an F-View-II CCD camera. Measurements and image analysis were conducted with AnalySIS software. During each experiment around 300 cells were measured.
Plasmid copy number determination. Plasmid copy number in C. crescentus cells during various stages of the cell cycle was determined by means of qPCR. Following synchronization the cells were grown at 30 uC in M2G medium. At time point 0 and after 120 min, cells were counted using a Petroff-Hauser counting chamber and then the amount of culture equivalent to 10 9 cells was harvested and total DNA was extracted (Ruiz-Barba et al., 2005) . A 0.5 ml sample out of 100 ml of isolated total DNA solution was used as a template for quantitative PCR (qPCR). PCR was performed in the LightCycler 2.0 Carousel-based System (Roche) with oligonucleotide primers (OB10-f 59-GATTATGGCTCATATCGAAAGTCTC-39 OB10-r 59-GAGC-AGACGAAGGATGTTGGTG-39 ter-f 59-ACACCGAACCCAAGTG-GCGTG-39, ter-r 59GTGGCCCATGTGGATGCGG-39) using the LightCycler FastStart DNA Master SYBR Green I kit (Roche) according to the manufacturer's specifications. During 45 quantification cycles, primer annealing was set to 52 uC for 7 s followed by 12 s of extension. Amplification products were 175 bp and 134 bp for the chromosome ter region and the O B 10 sequence from plasmid RK2, respectively. Cycle threshold (Ct) values were determined after PCN5O B 10 sequence copy number/cell number CCN5ter sequence copy number/cell number where the copy number of O B 10 and ter sequences were calculated from the standard curve. PCN and CCN were calculated for DNA samples isolated from three independent bacterial cultures, and for each sample, three reactions were prepared. C. crescentus cells were grown at 30 uC in M2G medium. Cells were synchronized (see above) and at the indicated time points cross-linked with formaldehyde, as described previously (Kolatka et al., 2008) . Nucleoprotein complexes were immunoprecipitated with polyclonal anti-E. coli DnaA , anti-E. coli DnaB (Caspi et al., 2001 ), rabbit antibodies cross-reactive with C. crescentus DnaA and C. crescentus DnaB proteins or anti-TrfA rabbit antibodies , followed by incubation with 30 ml 50% Protein Aagarose slurry (Amersham Pharmacia). Anti-TrfA antibodies were provided by Dr Donald Helinski (Section of Molecular Biology, USCD, San Diego, USA). Anti-DnaB and anti-DnaA antibodies were obtained in our laboratory. PCR was performed with Taq DNA polymerase (Fermentas) and oligonucleotide primers (oriV, 59-AA-GCCGTGTGCGAGACACCGC-39, 59-AAAGACAGGTTAGCGGTGG-C-39; Cori, 59-CAGCGTAACCTCTGCGGCCTTC-39, 59-GCGGCGAT-GCAGGGCATTTCC-39). The 30 s of primers annealing at 56uC was preceded by DNA template denaturation at 95uC and followed by 30 sec of DNA elongation at 72uC. The PCR cycle was repeated 25 times. PCR products were separated on agarose gels and stained with ethidium bromide.
Protein immunoprecipitation. C. crescentus cells were grown at 30 uC in M2G medium and synchronized, and samples were taken at indicated time points and prepared as for chromatin immunoprecipitations with the exception that after the incubation with protein ASepharose and a series of washes, 50 ml of Laemmli buffer was added and samples were incubated for 30 min at 95 uC. Then, the samples were centrifuged and supernatants were separated on SDS-polyacrylamide gels followed by Western blotting using polyclonal antiTrfA rabbit antibodies , goat anti-rabbit HRP-IgG (Bio-Rad) and SuperSignal West Pico chemiluminescence substrate kit (PIERCE) according to the manufacturer's protocol. Protein purification. C. crescentus DnaA-His 6 and DnaB-His 6 proteins were expressed from plasmids pETK-5 and pETK-6, respectively (Table 1 ). The bacterial host strain and conditions used for dnaA-his 6 or dnaB-his 6 expression and purification were as described for the DnaA and DnaB P. aeruginosa homologues (Caspi et al., 2000; Caspi et al., 2001) . Purification yielded 1.5 mg .85 % homogeneous DnaA protein ml 21 and 5 mg .95 % homogeneous DnaB protein ml 21 .
TrfA 254D/267L, TrfA 98L/254D/267L, E. coli DnaA, DnaB and DnaC, P. aeruginosa DnaA and DnaB proteins were purified as described previously (Blasina et al., 1996; Caspi et al., 2000; Caspi et al., 2001) .
Helicase unwinding assay. The helicase unwinding assay [form I* (FI*) formation] was performed as described by using 300 ng supercoiled plasmid DNA and 100 ng His-6-TrfA G254D/S267L protein, 5 ng HU, 230 ng SSB and 120 ng gyrase. Additionally, reactions contained 10 ng DnaA, if indicated, and increasing amounts of DnaB helicase from E. coli, P. aeruginosa or C. crescentus as noted. Reactions with E. coli proteins also included 120 ng DnaC protein. The samples were electrophoresed at 25 V for 22 h, and the gel was stained with ethidium bromide.
Plasmid stability assays. Cells carrying RK2 were diluted from overnight cultures into LB (E. coli or P. aeruginosa) or PYE (C. crescentus) medium containing appropriate antibiotics (see above, Media and growth conditions) and grown to OD 600 0.5. The cells were then diluted into the appropriate medium without antibiotics and maintained in exponential growth for at least 100 generations by sequential dilutions every 20 generations for E. coli and P. aeruginosa or every 15 generations for C. crescentus. Samples removed during this period were plated on agar plates without antibiotics and from each plating 400 colonies were patched onto agar with and without antibiotics to score retention or loss of plasmids. The percentage of plasmid loss per generation was calculated using the formula (12 n !F f / F i )6100, as described previously (Easter et al., 1997) , where n is the number of generations elapsed, F i is the fraction of cells containing plasmid at the initial time point and F f is the fraction of cells containing plasmid at the final time point.
Transformation frequency. Plasmid DNA was purified by means of two CsCl buoyant density gradients and 100 ng was used for the transformation. Transformation was carried out using the standard Bio-Rad electroporation protocol. The cells were prepared for electroporation as described previously (Gilchrist & Smit, 1991; Kowalczyk et al., 2005) . Electroporation was done in 2 mm cuvettes (Bio-Rad) and the parameters were 3000 V, 25 mF, 200 V and 3000 V, 25 mF, 200 V for E. coli and for both P. aeruginosa and C. crescentus, respectively. The transformation frequency was calculated as c.f.u. mg plasmid DNA 21 .
RESULTS
Asymmetrical distribution of RK2 foci in C. crescentus predivisional cells
To address the question of whether the distinctive cell architecture of C. crescentus affects plasmid subcellular distribution, we analysed the localization of plasmid RK2 in synchronized C. crescentus cultures. Pure populations of swarmer cells containing RK2 derivatives were obtained by isopycnic gradient centrifugation (see Methods) and after transfer into fresh growth medium were followed throughout the cell cycle. The cellular localization of RK2 was investigated by means of FISH and FROS. RK2 particles were found to form well-defined foci in Caulobacter. Cells with one, two, three or four fluorescent foci were observed (Fig. 1a) . At the beginning of the cell cycle, the G1 phase, most cells contained one or two fluorescent signals (Fig. 1b) with three fluorescent foci observed only in approximately 4 % of cells. After transition to the S phase of the cell cycle, the number of cells with one focus decreased, the number of cells with three foci increased and cells with four foci were observed. In the G2 phase, cells with one fluorescent focus constituted less than 10 % of those observed, whereas approximately 40 % of the cells had two foci and another 40 % of the cells had three fluorescent foci. Interestingly, the percentage of cells with a particular number of foci did not change substantially during G1 and G2 phases; however, the number of plasmid foci did change significantly during the S phase of the Caulobacter cell cycle (Fig. 1b ).
An analysis of foci distribution between the two cell compartments of Caulobacter predivisional cells (stalked or swarmer) enabled us to distinguish different subcellular localization patterns (Fig. 2) . Two localization patterns were observed for cells with one fluorescent focus. Most of these cells (75 %) contained the fluorescent signal in the stalked cell compartment (Fig. 2a i and ii) . Two different plasmid localization patterns were also observed for cells with two fluorescent foci. Two foci, equally distributed between the parental (stalked) and progeny (swarmer) compartment of the cell, were observed in 91 % of the cells (Fig. 2a iii) . Cells with both plasmid foci located in the stalked compartment were observed in 9 % of the cells (Fig.  2a iv) , while no cells were observed where both foci were located in the swarmer compartment. For cells with three plasmid foci the most frequently observed pattern (93 % of cells) was two foci in the stalked and one focus in the swarmer compartment (Fig. 2a v) . Similar results with respect to number of foci and asymmetrical distribution late in the Caulobacter cell cycle were observed when cells were grown on PYE instead of M2G medium (data not shown).
To determine more precisely the subcellular localization of RK2 in C. crescentus cells we performed a statistical analysis of plasmid foci position relative to cell length. The analysis was done using late predivisional cells where the cell poles and the swarmer and stalked progeny were easily distinguishable. Although statistical analysis revealed that the localization of plasmid RK2 was very similar to that observed previously in E. coli, P. aeruginosa or V. cholerae cells (Ho et al., 2002; Pogliano et al., 2001) , it was not identical. Since in Caulobacter the division plane is not formed in the middle of the cell but rather asymmetrically, generating two compartments of unequal size (Terrana & Newton, 1975) , plasmid-foci localization was also asymmetrical. We estimated that the larger parental (stalked) compartment comprised about 60 % of the total volume of the predivisional cell (Fig. 2) . Approximately 1.26 (±0.04) plasmid foci were present in this compartment, whereas approximately 0.81 (±0.05) plasmid foci were present in the swarmer compartment. Moreover, plasmid foci were not detected at the stalked cell pole whereas plasmid foci were found in the vicinity of the pole opposite the stalk (Fig. 2b ). For cells with one focus, it was usually localized in the middle of the cell (Fig. 2b i) , which corresponded to the stalked cell compartment relative to the position of Caulobacter predivisional plane (marked on Fig. 2 as an unbroken line). In cells with two or three foci, fluorescent signals observed in the stalked cell compartment were located in the middle or at the quarter positions of this compartment, respectively, rather than at the geometric middle of the cell. The fluorescent foci observed in the swarmer cell compartment were more widely distributed (Fig. 2b ii and iii) . The results presented above demonstrated an asymmetry in the intracellular localization of RK2 in Caulobacter cells. This asymmetry is strikingly represented by the lower number of plasmid foci in the swarmer cell compartment as compared with the number of RK2 foci in the stalked cell compartment. Thus, the localization of plasmid RK2 is most likely to be affected by the compartmentalization of the Caulobacter cell.
An RK2 plasmid focus contains approximately two copies of plasmid particles
To determine the number of RK2 plasmid copies (PCN) forming a single focus during the different stages of the C. crescentus cell cycle, we performed PCN analysis using qPCR. The experiments were designed to allow PCN determination in relation to the number of swarmer cells at the beginning of the cell cycle and late predivisional cells. Our analysis showed that in swarmer cells there were approximately four plasmid copies, whereas cells just before division contained approximately seven RK2 particles ( Table 2) . As a control we analysed the chromosome number in both swarmer and predivisional cells and determined there were approximately one and two chromosomes per cell, respectively (Table 2) . Based on microscopic images, we calculated that in swarmer cells, there were approximately 1.58 (±0.01) foci per cell and in predivisional cells 2.5 (±0.01) foci. Taking into account the estimated number of plasmid particles and foci in the two types of C. crescentus cells, we determined that the plasmid copy number in a single focus was approximately two in both types of cells. Based on the foci number and plasmid copy number in a nonsynchronized Caulobacter cell culture, we calculated a similar value of approximately two RK2 plasmid copies per focus (Table 2) .
RK2 plasmid replication during the Caulobacter cell cycle
Replication of the C. crescentus chromosome has been found to be strictly controlled by the cell cycle (Marczynski et al., 1990) . To determine during which part of the C. crescentus cell cycle plasmid RK2 DNA was synthesized, we performed radioactive DNA pulse-labelling in synchronized Caulobacter cultures. The amount of radioactively labelled plasmid DNA, purified through a CsCl buoyant density gradient and radioactivity detected in isolated chromosomal DNA is shown in Fig. 3. [ 3 H]deoxyguanosine was not incorporated into either chromosomal or plasmid DNA during the G1 phase in swarmer cells. The incorporation of [ 3 H]deoxyguanosine was greatest during the S phase for both plasmid and chromosomal DNA. However, DNA synthesis of RK2 was not restricted to the S cell cycle phase as labelling of plasmid DNA also occurred during the G2 phase. Similar results were obtained when we used restriction analysis and autoradiography of total DNA (Fig. S1 , available in Microbiology Online). The incorporation of [ 3 H]deoxyguanosine into chromosomal DNA was at a low level during the G2 phase of the Caulobacter cell cycle.
Nucleoprotein complex formation at the origin region changes during the Caulobacter cell cycle
Since neither chromosomal nor plasmid DNA synthesis occurs throughout the C. crescentus cell cycle and Table 2 . Determination of the number of plasmid copies forming a focus in C. crescentus cells Non-synchronized cells and swarmer and predivisional cells of synchronized C. crescentus cultures were prepared for PCN and CCN determination by qPCR and for microscopic observations of plasmid foci, as described in Methods. PCN was calculated in relation to cell and chromosome number and then per average number of foci in non-synchronized or swarmer and predivisional cells. replication takes place predominantly during the S phase, the formation and dynamics of nucleoprotein complexes at the origins of the chromosome (Cori) and plasmid (oriV) were analysed. In these experiments, the amount of amplification of the DNA fragment indicated the amount of nucleoprotein complexes immunoprecipitated from the cellular extract. The experiments revealed that a DnaA nucleoprotein complex at oriV was detected throughout the cell cycle, whereas a DnaA nucleoprotein complex at Cori was found primarily during the S phase (Fig. 4a) . Similar results were observed for DnaB helicase (Fig. 4b) . The helicase-oriV complex was observed throughout the cell cycle, whereas the highest amount of helicase immunoprecipitated with Cori was found in samples prepared from cells taken at 30 and 60 min after synchronization, which corresponded to the S phase of the cell cycle. The formation of a nucleoprotein complex between the plasmid replication initiator TrfA and oriV was also investigated. The amount of TrfA nucleoprotein complex at the plasmid DNA origin substantially decreased during the course of the C. crescentus cell cycle (Fig. 4c) . The largest amount of TrfA-oriV complex was observed in swarmer cells and this decreased by two-thirds before cell division. This difference in the level of nucleoprotein complexes during the course of the cell cycle was not due to variation in the cellular level of TrfA protein as the amounts of both the TrfA-33 and TrfA-44 proteins remained unchanged during progression of the Caulobacter cell cycle (Fig. 5, lanes 4-6) .
Two modes of RK2 replication initiation in C. crescentus
Our analysis demonstrated a C. crescentus DnaA-nucleoprotein complex at the RK2 oriV region and the presence of both TrfA-33 and TrfA-44 replication initiators in Caulobacter cells (see above). These results raise questions regarding the mechanism of plasmid DNA replication initiation in Caulobacter. There are two distinct plasmid replication initiation modes for RK2, one DnaA-dependent (as found in E. coli) and one DnaA-independent (as found in P. aeruginosa) (Caspi et al., 2001; Jiang et al., 2003; Konieczny, 2003) . These two modes differ in their requirement for the longer or shorter form of the TrfA protein. RK2 plasmid replication initiation strictly requires the longer form of the initiation protein, TrfA-44, in P. aeruginosa cells (Fang & Helinski, 1991) . To determine whether plasmid RK2 replication initiation is DnaAdependent in Caulobacter cells and to examine which form of TrfA protein is utilized we performed FI* assays (Methods). In this assay, the presence of a substantially unwound form of supercoiled DNA (designed FI*) indicates the activity of all proteins required for plasmid replication initiation (Fig. 6) . We purified the Caulobacter chromosomal initiator DnaA (C.c. DnaA) and helicase, DnaB (C.c. DnaB) and then tested in vitro the ability of each form of TrfA to activate C. crescentus's helicase. As controls we tested the activation of E. coli and P. aeruginosa helicases by TrfA proteins, accompanied by E.c. DnaA, E.c. DnaC and P.a. DnaA, respectively, as indicated (Fig. 6 b, c,  h, i) . The results showed that TrfA-44 and C.c. DnaB were sufficient to form an active initiation complex on oriV (Fig.  6j) . The shorter form of the plasmid initiator, TrfA-33, was not able to activate helicase either with (Fig. 6a) or without (Fig. 6d) C.c. DnaA protein. This is similar to that found for P. aeruginosa and indicated a DnaA-independent mode of RK2 replication initiation requiring TrfA-44 and C. crescentus replication proteins (compare Fig. 6 d, f and j, l) .
The DnaA-independent (P. aeruginosa-like) replication initiation pathway in Caulobacter cells was also supported by in vivo results. The transformation frequency of C. crescentus cells with a mini-RK2 derivative lacking the DnaA-boxes in oriV (plasmid pKD19L1D1-4) was very similar to that of a plasmid containing the wild-type of oriV sequence (pKD19L1) ( Table 3 ). This result was the same for P. aeruginosa, but not for E. coli, which could not be transformed with the plasmid lacking binding sites for the DnaA protein.
To further analyse the requirements for either TrfA protein during RK2 replication initiation in C. crescentus cells, we tested the in vivo stability of three mini-RK2 derivatives in this bacterium. The plasmids used encode TrfA-33 only (pFF1-16wt), TrfA-44 only (pFF1-98L) or both . In control experiments, we also tested the stability of these derivatives in E. coli and P. aeruginosa. The stability of all three mini-RK2 derivatives was lower in Caulobacter when compared with the other bacterial species (Table 4) . Furthermore, there was no significant difference between the stability of the three mini-RK2 derivatives. Plasmids encoding the shorter, longer or both forms of TrfA protein were equally stable in C. crescentus cells. These results differed from those observed in P. aeruginosa cells. During just one generation, 5 % of the cells lost pFF1-16wt, the plasmid encoding only the TrfA-33 form of the plasmid initiator (Table 4) (Fang & Helinski, 1991) indicating that TrfA-33 is not efficient for plasmid initiation in Pseudomonas.
Our in vivo observations that the TrfA-33 protein alone can support plasmid replication as well as the TrfA-44 protein alone suggests that the DnaA-independent mode of plasmid replication initiation relying on the TrfA-44 protein is not the only mechanism for initiation possible in C. crescentus cells but that RK2 might also utilize a DnaA-dependent mechanism of initiation relying on the shorter form of the TrfA protein.
DISCUSSION
In this work, we analysed the position of the RK2 plasmid, the timing of plasmid DNA synthesis and formation of nucleoprotein complexes by replication proteins at the plasmid origin of replication during the C. crescentus cell cycle. We also described possible modes of RK2 replication initiation in Caulobacter.
Our microscopic observations revealed asymmetrical subcellular distribution of the plasmid in Caulobacter, although the localization of RK2 within C. crescentus cells agreed with the current model in which plasmids are redistributed over the nucleoid (Castaing et al., 2008; Havey et al., 2012; Szardenings et al., 2011) . Because of the inherent asymmetry of Caulobacter cells, we could analyse the position of plasmid foci relative to the distinctive cell poles and compartments. The striking observation is that RK2 foci are not equally distributed in Caulobacter predivisional cells. We observed substantially more plasmid foci in the stalked compartment, while the number in the swarmer compartment was reduced. An incorrect allocation of plasmids to progeny cells can result in lowered plasmid stability. Indeed, RK2 is less stable in Caulobacter when compared with the plasmid's stability in E. coli or Pseudomonas (Sia et al., 1995) (Table 4 ). This could be the consequence of a not fully efficient plasmid partitioning system in the asymmetrically dividing host bacterium. A simple explanation of the observed asymmetrical distribution of RK2 foci is that Caulobacter cells do not divide in the middle, while plasmid foci are partitioned symmetrically regardless of the position of the cellular divisional plane. Because the parental (stalked) compartment is larger, it would contain statistically more plasmid foci prior to cell division. Moreover, a single plasmid focus is typically located in the larger, stalked cell compartment, which might suggest that in Caulobacter plasmid partitioning commences from this part of the cell. This is different from E. coli where plasmid particles are partitioned from the site where cell division will occur. a, d, g, j) , E. coli (b, e, h, k) and P. aeruginosa (c, f, i, l), the FI* assay was conducted. TrfA-33 (a-f) or accompanied by other proteins [DnaA from the particular bacterium (ac and g-i), E. coli DnaC] were used as indicated. An increasing amount of DnaB protein (150, 300, 600 and 900 ng) was added to the reaction mixtures containing equal amounts of other components. The black arrow marks the position of the FI* band, corresponding to the extensively unwound covalently closed circular DNA generated by helicase activity. Table 3 . In vivo activity of oriV plasmids with or without DnaAboxes in E. coli, P. aeruginosa and C. crescentus
Plasmids pKD19L1 (containing DnaA-boxes) and pKD19L1D1-4 (with deletion of DnaA-boxes) were isolated and used to transform E. coli CC118, P. aeruginosa PAO1161 and C. crescentus NA1000 as described in Methods. Transformation frequency was determined by counting colonies obtained on agar plates with antibiotics. Table 4 . Stability of plasmid pFF1 derivatives in E. coli, P. aeruginosa and C. crescentus Plasmids pFF1, pFF1-16wt and pFF1-98L were isolated and used to transform E. coli CC118, P. aeruginosa PAO1161 and C. crescentus NA1000. Stability assays were performed as described in Methods.
The percentage of cells that lost the plasmid per generation was calculated based on the number of colonies that grew on agar plates with or without antibiotics (Easter et al., 1997) . In Caulobacter, invagination of the cytoplasmic membrane is observed before invagination of the outer parts of the cell wall, and several different stages in the cell constriction process have been observed (Jensen, 2006; Judd et al., 2003) . At the end of the S phase, the predivisional plane of stalked cells can be easily observed by light microscopy, however, there is no separation of cell compartments (Jensen, 2006) . During our experiments, complete compartmentalization was observed in the majority of Caulobacter late predivisional cells (120 min.). It has been previously reported that at this stage cytoplasmic proteins cannot diffuse between the nascent progeny compartments (Judd et al., 2003 (Judd et al., , 2005 , the cytoplasmic membrane is very deeply invaginated, and in some cells, there is a complete separation of compartments (Jensen, 2006) . In the late G2 phase (120 min), plasmid foci are most likely trapped in the Caulobacter predivisional compartments. We found that the majority of Caulobacter late predivisional cells with three plasmid foci have two of them located in the parental (stalked) compartment. Again, it could be the result of asymmetrical invagination and partitioning resulting in three plasmid foci. Our results also showed that RK2 plasmid foci in cells with two or three foci were localized at the middle or quarter position of the stalked cell compartment, while the fluorescent foci in the swarmer compartment were more widely distributed. These observations favour a compartment-length plasmid positioning model in asymmetrically dividing bacteria and also agree with the observation that plasmid-foci positioning shows a cell-length-dependent behaviour (Purdy Drew & Pogliano, 2011) .
The estimation of plasmid copy number in swarmer and late predivisional cells by qPCR as well as the statistical analysis of fluorescent foci number allowed us to calculate the approximate number of plasmid particles comprising a single focus. The calculations showed that a fluorescent focus in both swarmer and late predivisional Caulobacter cells is formed by approximately two RK2 particles. From these results we assume that RK2 particles form clusters as has been proposed previously by Pogliano et al. (2001) . Data from our qPCR results and microscopic observations make it unlikely that a single focus corresponds to only one or to more than two plasmid particles. However, we cannot exclude the possibility, as mentioned by Tal & Paulsson (2012) , that the intensity of the foci's fluorescence corresponding to plasmid particles with widely different average copy numbers displayed very similar and smooth fluorescence distributions.
Although foci are composed of approximately a similar number of plasmid particles, the number of foci observed in each cell can increase from approximately 1.58 to 2.5 during the cell cycle. Interestingly, the number of foci observed did not substantially change during either the first or the last 20 min of observations (the G1 and G2 phases of the cell cycle). The most noticeable changes in foci number were observed during the S phase, which is also when most of the [ 3 H]deoxyguanosine was incorporated into plasmid DNA. These results might indicate that the replication of plasmid DNA, resulting in an increase of plasmid copy number and, consequently, an increase in number of foci, occurs during the S phase.
The analysis of plasmid copy number at the beginning of the cell cycle and prior to cell division showed that there was an increase in the number of plasmid particles from approximately four plasmid copies in swarmer cells to approximately seven in late predivisional C. crescentus cells. These results indicate that during the period analysed not all plasmid particles had been duplicated. The values we obtained are higher than those published by Marczynski et al. (1990) , but this can be explained by the more sensitive detection method used in our study. In qPCR, 50 ng total DNA extracted from Caulobacter cells was directly used in amplification reactions, during which the increase in amount of product was detected. This eliminates the necessity of DNA precipitation, filtration through nitrocellulose membranes and hybridization using radiolabelled probes to analyse the DNA.
Our results showed that the incorporation of [ 3 H]deoxyguanosine into RK2 DNA varied during the C. crescentus cell cycle. While this process was most efficient during the S phase, plasmid DNA synthesis was also detected during the G2 phase. Neither plasmid nor chromosomal DNA was synthesized at the beginning of the cell cycle (G1 phase). The occurrence of DNA synthesis in a particular phase of the cell cycle is most probably due to the availability of replication proteins and their interactions with the origin of replication. Transcription of genes encoding replication proteins such as DNA polymerase III subunits or nucleotide biosynthesis enzymes has been shown to occur just before the G1 to S transition (Hottes et al., 2005) . In addition, fluorescent foci corresponding to replication machinery (polymerase d9 and x subunits) have been observed in synchronized Caulobacter cells in substantial amounts only during the S phase (Jensen et al., 2001) . Therefore, the highest availability of replication proteins seems to be during the S phase. In late predivisional cells the accessibility of replication proteins for plasmid replication could likewise be higher since chromosomal DNA synthesis is limited in the G2 phase. Our data showed that nucleoprotein complexes consisting of replication proteins DnaA and DnaB and the chromosome origin region were detected predominantly during S phase, although these proteins are present in the cell throughout the cell cycle (Collier et al., 2006; Jensen et al., 2001) . Taylor et al. (2011) found that larger amounts of DnaA protein immunoprecipitated with Cori at the beginning of S phase. The small amounts of DnaA-Cori and DnaB-Cori complexes detected during our experiments in late predivisional cells might suggest inheritance of DnaA and DnaB proteins together with DNA. Inheritance of replication proteins has previously been postulated for lambda plasmids (Wegrzyn et al., 1996) .
In contrast to the chromosome, the host's DnaA and DnaB proteins were bound to the plasmid origin at a similar level during the entire cell cycle. It is likely that the formation of nucleoprotein complex between these proteins and oriV does not regulate initiation of plasmid replication. It is also possible that although the highest amount of plasmid DNA synthesis occurred during the S phase, not all plasmid particles replicate at that moment and that the replication proteins immunoprecipited during the G1 and G2 phases were bound to the oriV of plasmid particles that had already undergone, or were about to undergo, replication. Since Caulobacter chromosome replication lasts around 80 min (Jonas et al., 2011; Newton, 1972) and RK2 is approximately 67 times smaller than the chromosome, the duration of plasmid replication is probably much shorter. It is likely that DnaA and DnaB proteins are not continually bound to oriV, but the resolution of the method used prevented the detection of the moments when the replication proteins were not bound to the plasmid origin region or, as a part of replication complex, were located in another place on the plasmid DNA.
In contrast to the DnaA and DnaB proteins that were equally detected at oriV during the entire cell cycle, the TrfA-oriV complex was primarily detected in swarmer cells. During the progression of the cell cycle the amount of nucleoprotein complex formed by TrfA binding to the oriV substantially decreased and might influence plasmid replication. The inhibition of replication by an initiation protein is known for RK2, P1 and F plasmids and is called handcuffing (Das & Chattoraj, 2004; Gasset-Rosa et al., 2008; Morrison & Chattoraj, 2004; Park et al., 2001; Toukdarian & Helinski, 1998) . It is based on the pairing of two plasmid particles by the initiation protein, resulting in steric hindrance to replication initiation. It is likely that the high amount of TrfA bound to oriV in swarmer cells is as a result of the handcuff structure that inhibits initiation of plasmid replication. This hypothesis can be supported by our observation that plasmid DNA synthesis was not detected during the G1 phase of the cell cycle.
Since a DnaA-oriV complex is present during the C. crescentus cell cycle, there is a question of the requirement for DnaA and the mode of RK2 replication initiation in this bacterium. Our in vitro and in vivo experiments using a plasmid with deletion of the DnaA-box sequences in oriV suggested a DnaA-independent mode of replication initiation. Plasmids lacking DnaA-boxes could replicate in C. crescentus and P. aeruginosa cells, but not in E. coli. In addition, our in vitro analysis of active helicase complex formation showed that Caulobacter DnaB, like the helicase of P. aeruginosa, could be activated by the longer form of TrfA without the assistance of other replication proteins. However, the stability of a mini-RK2 encoding just the shorter form of TrfA protein (pFF1-16wt) suggested that a DnaA-dependent model, in which both host initiator and a helicase loader (a DnaC-like protein) are needed, is also possible in Caulobacter cells. Since TrfA-33 with C.c. DnaA was not able to activate C.c. DnaB, it is likely that some factor required for the initiation of plasmid replication was not present in the in vitro FI* assay. One possibility is a homologue of the E. coli DnaC protein, which is required for proper helicase loading into the open complex. Unfortunately, there are no data available about this kind of protein either in Pseudomonas or in Caulobacter cells and its identification requires further analysis (Herrero et al., 1990; Isaac & Holloway, 1968; Evinger & Agabian, 1977; Meyer et al., 1975; Doran et al., 1998) .
